Abstract-We present and demonstrate a method for efficient coupling of many beams into a single-mode fiber. Using the phase conjugating property for mutually incoherent beams of the Double Phase Conjugate Mirror (DPCM), we achieved coupling for a full 6x6 matrix of beams into a single-mode fiber. In principle, this number of input channels can be increased manifold beyond the 36 used in our experiment. Of the phase conjugate generated by the DPCM in the direction of the fiber, over 97% (Fresnel corrected) entered the fiber, thus giving a highly accurate coupling. The DPCM transmission efficiency itself was measured at 40% (Fresnel corrected), thus giving an overall coupling efficiency of 3%. By o p t i m i i the DPCM parameters, a significantly higher overall coupling could be achieved. An additional advantage of this method is that the DPCM will reconfigure if there are small changes in the system, thus making the system very robust. This multichannel coupling method can be of importance in the coupling of the output beams of a Vertical Cavity Surface Emitting Laser (VCSEL) into a single-mode fiber where each channel may carry independently modulated information. This technique can be further generalized to a bidirectional multisingle-mode fiber interconnection system, of which a basic 3x2 system is demonstrated.
may be independently modulated so that the fiber will carry the data of all channels which may be demultiplexed further down the transmission line. This modulation of VCSEL beams may occur by having transmitting the information of each beam at a different carrier frequency or by using different modulation rates (with the same carrier frequency) for each beam. In this paper, we propose and demonstrate one such technique which allows for a very high number of channels to be efficiently coupled into a fiber. This technique utilizes the unique capabilities of the Double Phase Conjugate Mirror (DPCM) [2, 31 to generate, without strict alignment conditions, phase conjugate beams which are completely mutually incoherent with each other.
Four-wave mixing in photorefractive crystals has been shown to give an efficient and dependable phase conjugate beam [l] in many possible configurations. The Double Phase Conjugate Mirror (DPCM) is unique among all the photorefractive oscillators, in that two beams that may be completely mutually incoherent interact with each other where the temporal variations in one beam are applied to the spatial phase conjugate of the second beam, and vice versa. In the DPCM, shown schematically in Fig. 1 , beams 2 and 4 from two separate lasers of the same frequency are loosely focused into the photorefractive crystal so they overlap. The two incoherent beams cannot directly couple with each other in the crystal. However, scattered (fanned) light from beam 2 coherently couples with beam 2 itself and writes refractive index gratings in the photorefractive material; similarly scattered light from beam 4 coherently couples with beam 4 and writes another set of gratings. Beam 3, which is the phase conjugate of beam 4 is one of the many possible scattered beams from beam 2; and beam 1, the phase conjugate of beam 2, is one of the scattered beams from beam 4. Since the gratings written by beam 4 with beam 1 and by beam 2 and 3 overlap optimally, and because of the transfer of energy that occurs in photorefractive crystals from beam 2 to its fanning (including beam 3) and from beam 4 to its fanning (including beam I), the two phase conjugates mutually strengthen each other by strengthening their common grating which eventually dominates all other scattering-induced gratings. In this way, the phase conjugates of beams 2 and 4 are generated despite the lack of mutual coherence between them.
Phase conjugation offers an ideal solution to the problem of coupling into a small aperture such as a fiber. If a beam of light exiting a single-mode fiber is phase conjugated, then the returning beam will follow the path of the outgoing beam in the reverse sense, and hence its spatial profile and convergence will be perfectly suited to reenter the fiber. A phase conjugate generated from the source beam itself (as is the case with most passive phase conjugate mirrors) is not useful, because this does not allow any new information to enter the fiber. However, the mutual phase conjugation property of the DPCM creates the phase conjugate beam from an incoherent source which may carry temporal information which can then couple into the small aperture. Thus, if we consider a system where beam 2 carries the temporal information we wish to couple into a single-mode fiber, and beam 4 contains a (constant intensity) output from a fiber, then a phase conjugate will be automatically generated in the DPCM and coupled back into the fiber with the desired temporal information.
The DPCM does not have strict alignment requirements. Efficient phase conjugation will occur over a range of angles as long as there is a reasonable overlap of the two original beams in the crystal. This allows for the generalization of this method to a number of inputs into the fiber-each input creates its own DPCM with the fiber output, and each input channel (each of which can have a slightly different frequency within a limiting range as discussed below) will couple into the fiber. This is shown in Fig. 2 , where of the many input channels we chose channels A and B to discuss a most basic system of a two-channel input. To prevent other wave mixing effects (aside from the desired phase conjugation) from occumng, the two inputs should be mutually incoherent. The two channels A and B may enter the crystal in one of two geometric configurations (or a combination). They may enter the crystal at the same point in space, but with a slight angular spread, or they may enter with a slight spatial shift between them. With both inputs overlapping the fiber output, they each will build up an independent DPCM with the fiber output, and each will generate a phase conjugate returning to the fiber independently containing information from channels A and B. Each channel may thus be turned on and off independently where the "on" time for establishing a connection for a particular channel is determined by the crystal response time and the intensities of the beam. This can be expanded further to an N x N matrix of inputs entering the crystal [ Fig. 3(a) ] as long as each input beam reasonably overlaps the fiber output inside the crystal, and as long as each channel enters the crystal within the wide range of angles allowed by the DPCM. At the same time, the light propagating in direction from the single-mode fiber to the channels can provide an inverse function of spreading the light coming from a fiber into many channels (which can be fibers as well). Selection of preferred nodes can be done by turning on and off the light coming into the crystal from the addressed channels. In order to keep the efficiency of the DPCM high, all entering channels should enter within a certain angular spread where the coupling constant [ 11- [3] remains high and approximately constant. These requirements are not very difficult to satisfy, and present no fundamental limit on the total number of input channels or fibers. Additionally, if the system is moved slightly from its original state, the beams will rewrite the necessary gratings to realign the phase conjugate, making the system more dependable.
Since the connection between the fiber and the input channel is bidirectional, this concept can be further generalized into a multifiber interconnection system (see Fig. 4 ), where an array of single-mode fibers on one side of the DPCM would exchange information with another array of single-mode fibers on the other end of the DPCM. By selectively turning on specific channels from both of the arrays, a selective interconnection is made between the two fiber arrays. An additional format of interconnection can be established by using an incremental
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training schedule [5] in which an appropriate superposition of DPCM gratings is formed. These ways would allow selective interconnection of a switching system between the two fiber arrays where one-to-many (broadcast), many-to-be (combine), and many-to-many transmission can occur in both directions.
The general idea of using the DPCM for interconnects, as well as an experimental demonstration with multimode fibers, have already been published [l], [4] , [5] . Here we demonstrate the utilization of such schemes for single-mode fibers. The technique is shown to allow very efficient and self-aligning coupling of many beams, coming from free space or from single-mode fibers, into a single-mode fiber.
U. EXPERIMENT AND RESULTS
To demonstrate the general principle involved, we have set up the basic two input system of Fig. 1 . The source for the two input beams as well as the fiber output was the same argon ion laser without an etalon, where temporal coherence was reduced by introducing a significant path difference between the input beams. The photorefractive crystal used was BaTiOj. The angular spread between the two entering channels was approximately 1' outside the crystal.
The net coupling efficiency in our proposed coupling technology is composed of the following two essential components. 1) The fraction of the phase conjugate generated by the DPCM which couples back into the fiber. A perfect phase conjugate, retracing the steps of the output from the fiber, would couple completely into the fiber, but if the phase conjugate is not ideal, less than 100% coupling into the fiber will occur. We thus refer to this fraction as the phase conjugate fidelity.
2) The transmission efficiency of the DPCM (defined as the fraction of the energy incident on the DPCM from an input channel which is transferred to the phase conjugate of the fiber output). Losses by absorption are not factored out, but Fresnel losses are not fundamental and are factored out of all calculations of efficiency. The beams entering from either side are mutually incoherent so that reduction of specular reflection by phase conjugation is not present [6] .
Upon inputting each channel individually, a phase conjugate fidelity of over 97% was observed. This indicates a very accurate phase conjugate as the numerical aperture of the transmission efficiency of approximately 40%, for an overall coupling of 39%. Thus, the overall coupling is essentially limited by the DPCM efficiency rather than the phase conjugate fidelity. We believe that a more efficient DPCM than the one we established can be set up (50% to 90% have been reported [3] ) by properly optimizing the parameters, which was not done here to its full extent. Optimizations which might be performed include antireflection coating of the crystal, crystal selection for optimum level of scattering for seeding the fanning, and the use of suitable crystal dopants to enhance the photorefractive response at the wavelength range of interest. Additionally, since the fiber used was not polarization preserving, the light exiting from the fiber was not uniquely polarized and possessed ordinary as well as extraordinary components. In BaTi03, it is extraordinary light which establishes the coupling in the crystal, and the additional component of ordinary light just weakened the grating and the efficiency. One way to overcome this problem would be to use polarization preserving fibers. Another solution would be to use a polarization preserving phase conjugate mirror constructed using barium titanate and polarizing beam splitters. Thus, the overall efficiency of approximately 39%, which we measured, can be improved upon. It should be noted that despite the angular spread, the coupling performance for both channels was virtually identical.
When the two (incoherent) channels were turned on at the same time (the relative power ratios of the output fiber : input : input were approximately 2 : 1 : l), there was a significant drop in the overall performance. Rather than the net intensity coupled into the fiber increasing by a factor of two with the addition of a second channel, it stayed the same or increased only slightly, with each of the inputs contributing approximately equally to the total intensity. The "cone" of light which is present in a misaligned or unstable DPCM [7] , which was not present when each channel was entered individually, began to appear when the two channels were entered concurrently, indicating that the system did indeed not establish itself completely. We attribute this drop to the mutual erasure of one beam's DPCM grating by its incoherent partner. The effective coupling constant for a particular DPCM grating is reduced by approximately l/(l+I,/&,), where I, is the intensity of the erasing beam and Io is the total intensity of the beams participating in the constructive formation of the grating. This apparently puts a limit on the total number of input channels. However, in some applications, the net efficiency is not an important measure. Rather, the only factor of relevance is that all the inputs are coupled equally into the fiber. In this case, the wider angle (and hence more channel) input can be used since an increase in the angular spread, while reducing the efficiency, does not seem to disturb the equal division of energy between the two channels. The coupling intensity in this configuration was good. There were no large fluctuations beyond those one observes in a single DPCM. Another solution to obtain efficient many-channel interconnection is to arrange the system such that the input channels can be separated in the crystal spatially rather than angularly. This would, however, require that the beam imaged fiber is small. Each i f the inputs also established a DPCM from the fiber be large enough to overlap all the channels.
In addition, we generated a 6 x 6 matrix of input channels [shown in Fig. 3(a) ] which was imaged onto the crystal. In a communication interconnection system, each of these channels can be modulated and can have a slightly shifted frequency. The input array was formed by illuminating a mask with an expanded beam from the argon laser. All of the channels were mutually coherent. The angular spread of all of the channels was slightly less than the angle between the two channels of the former case (thus the spread between nearest neighbor channels was of an order of magnitude smaller). In the experiment, the total intensity of the 36 channels was approximately the same as the receiving fiber output. (This ratio varied from 2 : 1 to 1 : 2.) The coupling efficiency was found to be as high as obtained in the former experiment: the entire matrix as a whole was coupled with a 97% phase conjugate fidelity and a 40% DPCM efficiency for a 39% overall coupling efficiency. Once again, the actual directing of the phase conjugate beam is extremely accurate, only the DPCM efficiency is the limiting factor. Control over individual channels was not possible, but in order to demonstrate that the channels were being equally coupled into the fiber, we selectively turned off a number of rows or columns and allowed the system to reconfigure, so that instead of a 6 x 6 matrix, 4 x 6, 2 x 6, 6 x 4, and 6 x 2 matrices were input and noted that the net coupling into the fiber scaled accordingly to within 10%. Thus, the interchannel disturbances which were observed in the first experiment were not observed in this case, most likely because the angular spread between channels was much smaller. As well, since the 6 x 6 matrix was not input in the Fourier plane, not all the individual channels overlapped each other in the crystal, and hence their phase conjugates would not overlap and could not mix. In order to verify that each individual channel (rather than just rows and columns) was being coupled into the fiber, we took advantage of the symmetry of the DPCM. If a particular channel succeeds in coupling energy into the phase conjugate directed toward the fiber, then there will similarly be a phase conjugate also directed in the direction of the source of that particular channel. Thus, if one is able to observe that phase conjugates for all the input channels have been generated, then we conversely know that each of these channels was indeed coupled into the fiber. Splitting off a small amount of the light returning along the direction of the input channels, we indeed observed that an accurate image of all the channels in the input matrix was generated as a phase conjugate, thus verifying that each channel was indeed coupled into the fiber [ Fig. 3(b) ].
In addition to the multichannel coupling schemes, we constructed a limited 2 x 3 system of multifiber interconnections shown in Fig. 5 . The three single-mode fibers were part of a fabricated array of ten fibers which had their plastic jackets removed and which were placed one beside the other, so as to minimize the distance between neighboring fibers (the distance between fibers was dictated by the diameter of the cladding, which was 125 pm. The diameter of the core + the diameter of the cladding; for the fibers we used, this distance was 125 pm). The output from this array was collimated and aimed into the crystal. At the other end, two single-mode fibers where placed independently (not fabricated in an array) and their output beams were aimed into the crystal with a small angular spread (approximately 1.5") between them. One laser (argon ion laser without an etalon) was used as the source for all fibers to ensure that the wavelengths of all the beams were the same, but coherence between channels was removed by varying the optical path lengths. (This could be easily verified by the absence of two beam coupling.) In this system, we were able to demonstrate all modes of operation, i.e., each of the three fibers established a bidirectional connection with both of fibers at the other end. These connections were established when there was only one pair of fibers communicating and when all channels were turned on at the same time. No mechanical reconfiguration of the system was required to allow the various connections to establish.
The phase conjugate fidelity of the phase conjugates generated was high (over 90%). However, the DPCM efficiency in this experiment was lower than in the previous (5% to 10%). We believe this is due to very large divergence of the light exiting the fibers, which made it difficult to focus the output of the three fibers from the fiber array into the crystal without making the width of the beams very small and/or the distance between the beams large. This limited the overlap which these beams were able to have with the beams from the other side of the DPCM, which lowered the DPCM efficiency. Fibers fabricated with a lens at the exit face would allow for less divergence of the output beams, which would allow for better control of the beams entering the crystal. Despite the lower efficiency of this experimental system (which we believe could be improved with better manufacturing of fiber arrays), this basic working system illustrates the feasibility and ease of construction of a multifiber interconnection system for single-mode fibers using the DPCM. Even if the low DPCM efficiency could not be improved upon significantly, the fact that the information from many channels is entering a single channel is of itself significant and important despite the loss in efficiency, as this cannot be done beyond just two or three fibers using conventional optics without significant fundamental losses.
DISCUSSION
We have demonstrated efficient coupling of many channels into a single-mode fiber using a DPCM and have reason to believe that the DPCM efficiency can be improved. This would allow one to take advantage of the high phase conjugate fidelity of over 97%. Additionally, a 3 x 2 system of multisingle-mode fiber interconnections was demonstrated. As discussed in the Introduction, this method can be very useful in the coupling of many channels of independent information from VCSEL's into single-mode fibers where each channel carries independent information which can be demultiplexed upon exiting the fiber.
In addition to the uses for single-mode fibers, the demonstrated ability to efficiently couple light into a small aperture lends itself to applications in opto-electronic integrated circuits (OEIC) [5] . In the following example, we describe one such use. A laser diode situated at the opening of a small optical "gate" emits a constant intensity beam out to a photorefractive crystal which sets up a DPCM with one or more information (amplitude, phase, etc.) carrying beams. The information will thus be drawn by the laser diode into the optical gate to be processed inside the OEIC. This coupling would be automatic as long as a DPCM is established.
It is important to note some of the limitations of this technology. The DPCM has a build-up time which is dependent on the material response time and on the intensities of both inputs. Thus, the time required to establish an individual connection is not instantaneous. As well, after the output beam from the fiber is turned off, there will also be a nonzero turnoff time during which the fiber will still receive information from the input channels. In BaTi03, the response time for milliwatts of intensity is on the order of seconds. However, other photorefractive materials possess much smaller response times.
Another limitation of this method is the limited dynamic range of the DPCM. A DPCM is most efficient when the two input beams are of the same intensities. The DPCM will still work fairly efficiently over a certain range of intensity ratios; but out of that range, its efficiency drops to zero. This range is given by [l] (1) 1 -a l f a -< q < -l f a 1 -a where q is the ratio of the intensities of input beam 2 to input beam 4, a is given by the solution of the equation tanh(yla) + a = 0, y is the coupling constant, and 1 is the interaction length in the crystal. Thus, the range of the intensity ratio for efficient DPCM operation depends on 71; Practically speaking, on our system, a range of 10: 1 to 1 : 10 was most reliable for the establishment of a reliable DPCM. Thus, in order to use this technology, it is necessary to ensure that the ratio of the total input intensities of both sides of the DPCM is in that range. This can be done either by requiring that the number of active channels will always lie within a certain range, or by inserting a servo-loop to keep the ratio of the incident intensities at the desired value, even if the number of active channels, changes significantly.
For each DPCM established in a particular region, any other beam which enters that exact location adds to the effective background intensity for that DPCM, which reduces the DPCM grating strength. If this background intensity is too high, the grating will be weakened to below its threshold value (this grating weakening may also be a cause for the lowering of efficiency in the two-channel input experiment when both channels operated at the same time). This limits the total number of beams which can be overlapped in the same location in the crystal. This limitation is highly dependent on the crystal strength. Additionally, different geometric configurations of the overlap of the array outputs in the crystal will result in a different number of beams crossing any one point. Spatial separation of the different inputs is thus more advantageous over angular separation, as a purely angular separation allows many beams to enter the same point in space in the crystal (this is another advantage for spatial separation over angular separation). The total number of fibers from the arrays which will be operating at any one time is also an important factor in considering this limitation.
It is also important to ensure that most of the cross-section of the output beam from the fiber is overlapped by each of the input channel beams. If only part of the beam crosssection is overlapped by a particular input beam, then the beam propagating back toward the fiber will be generated from a beam width smaller than the original beam width. Thus, by diffraction considerations, its divergence will be greater than the original beam's convergence, which will cause the phase conjugate beam to return to the fiber not properly matched to the fiber numerical aperture. This would result in a reduction of the phase conjugate fidelity for that particular input channel. In our experiment, in which we achieved a phase conjugate fidelity of close to 100%, we were able to avoid this problem.
If the two beams involved in creating the DPCM (beams 2 and 4) are not of the same wavelength, then the phase conjugate will be deflected by an angle 0 inside the crystal, given by 111, 131 where AA is the wavelength difference between the incident beams, and + is the angle between the incident beams inside the crystal (Fig. 6) . Since a single-mode fiber core is small, even small deflections can severely reduce the amount of the phase conjugate which enters the fiber. The following numerical example can give a feeling about the limitation. In our experiment, $ M 170' (one could use angles between 140' and 175", with angles closest to 180' causing the smallest deflection). If we consider the fiber to be located at an effective distance of 0.01 m and angled at 28' from normal incidence, then for A = 514.5 nm, a difference of AA = 1 nm will cause a 1.7 mrad deflection (inside the crystal) resulting in a 4.6 pm deflection from the core of the fiber. For a fiber with a core radius of 4 pm, this deflection would significantly reduce the coupling. Therefore, when the different channels have varying wavelengths for wavelength multiplexing, it is important to ensure that they will be within the limit of a few tenths of a nanometer compared to the wavelength of the beam coming from the fiber. We note that this very limitation can be advantageous for other possible interconnection applications. In one such configuration, each input channel possesses a different wavelength. In order to choose only one particular channel to be coupled into the fiber, one sends a beam from the fiber at the specific wavelength which matches that of the desired channel. The DPCM would prevent the others from entering the fiber by this defection mechanism. This is shown schematically in Fig. 7 .
In another configuration, one fiber from a coplanar array of fibers is used as a control fiber which would send a beam into the crystal at a variable wavelength. If this wavelength differs from the input channels, then the beam directed back toward the fiber can be intentionally deflected to one of the other fibers in the same plane, so that the other fibers could receive without having to send their own beam into the crystal. This is shown schematically in Fig. 8 . The difference in wavelength associated with the deflection necessary to deflect the returning beam over a few fibers is small enough so that the image magnification or demagnification associated with the change in wavelength would not be significant. This application would be more difficult to set up than the previous one since the returning beam does not enter the outputting fiber. Such a system would require that the fibers be very similar in core shape, size, and numerical aperture, so that the returning beam, which is shaped to reenter the original fiber, would also possess the right shape to reenter the other fibers. In order for the returning beam to be at the same level as the fiber it is intended for requires that the fibers be coplanar. So that the returning beam does not experience a large loss upon entering the fiber, the alignment precision required should be on the order of less than 1 pm for single-mode fibers.
IV. CONCLUSIONS
We have proposed and demonstrated a new method to efficiently couple multiple channels into the small core of a single-mode fiber, utilizing the properties of the Double Phase Conjugate Mirror, which automatically steers the input beams into the fiber. The method we have demonstrated is less sensitive to small changes in the system, and can reconfigure its alignment in the event of small changes, as opposed to the alignment in more conventional coupling systems which are very sensitive to misalignment. We have also demonstrated a basic multifiber interconnection system of 2 x 3 fibers. The potential use in the coupling of independently modulated output beams from a VCSEL into a single-mode fiber is proposed. The limitations of this method and other possible interconnection configurations are discussed.
